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Abstract
A number of studies were conducted to determine whether motion-streaks assist motion extraction, and whether a purely motion-
based model could account for any observed facilitation. A 3-frame global-motion stimulus was used. Signal dots were manipulated in
order to control the strength of the motion-streak. In the long-streak condition, the same dots carried the global-motion signal over suc-
cessive motion frames, while in the short-streak condition, diVerent dots carried the signal over successive frames. Noise dots always
moved in diVerent directions over successive frames. While lower thresholds in the long-streak condition could be explain by motion-
streak facilitation, it could also be explained in terms of interactions purely within the motion system. SpeciWcally, by excitatory feed-for-
ward connections between neighbouring local-motion units tuned to the same or similar directions of motion. In order to test these two
models, speed and contrast were varied. If lower thresholds are due to motion streaks (form input to motion) then maximum facilitation
should occur at high speeds (no streak at low speeds) and high contrast (due to reduced streak magnitude and the low contrast sensitivity
of the form cells that extract the motion-streak). Lower thresholds were obtained for the long-streak condition but only at high speeds
and this facilitation was lost, or at least greatly reduced, at low (5%) contrast. These results support the notion that detection thresholds
were facilitated by a motion-streak system.
© 2007 Elsevier Ltd. All rights reserved. 
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The visual system is composed of a number of parallel
pathways, with cells in these pathways being tuned
to extract speciWc aspects of the visual scene (DeYoe,
Felleman, Van Essen, & McClendon, 1994; DeYoe & Van
Essen, 1988; Ungerleider & Mishkin, 1982; Zeki, 1990). A
classic distinction has been made between the ventral and
dorsal pathways, with the former being linked to the pro-
cessing of form information and the latter to spatial infor-
mation, i.e. the what verses where distinction (Ungerleider
& Mishkin, 1982). While the initial focus of research was on
the independence between form and spatial processing,
later research has highlighted the interaction between them.
Most of this research has focused on the extent to which
motion information can assist in the extraction of form
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motion (Johansson, 1973; Wallach & O’Connell, 1953).
More recent research, however, has demonstrated that
form information can also assist with the extraction of
motion information.
General support for the notion that form information
can play a role in motion processing comes from the Wnding
that fMRI activation in areas MT/V5 and MST is stronger
when observers are viewing static photographs of objects
with implied motion, e.g. a person running, than when view-
ing photos of objects with no implied motion, e.g. a build-
ing (Kourtzi & Kanwisher, 2000). More direct support for
form–motion interactions comes from studies that have
investigated the eVects of motion-streak information (also
called motion or speed lines) on motion processing. Motion
streaks are the smeared representation within the visual
system of a moving stimulus due to the temporal integra-
tion, or response persistence, of cortical cells (Geisler,
1999)—also see Barlow and Olshausen (2004). It has been
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ceived direction and speed of moving stimuli (Burr & Ross,
2002; Francis & Kim, 2001; Kim & Francis, 1998; Krekel-
berg, Dannenberg, HoVmann, Bremmer, & Ross, 2003;
Ross, 2004; Werkhoven, Snippe, & Koenderink, 1990).
Additionally, the observation that dynamic Glass pat-
terns (a sequence of uncorrelated Glass patterns) can
result in the percept of coherent motion, along the axis
deWned by the global form information in the Glass pat-
terns, has been attributed to the operation of a motion-
streak system (Krekelberg, Vatakis, & Kourtzi, 2005;
Ross, Badcock, & Hayes, 2000). Finally, it has also been
shown that cells at the V1 level in cats and monkeys and
the STS level in monkeys are sensitive to motion-streak
information (Geisler, Albrecht, Crane, & Stern, 2001; Jan-
cke, 2000; Krekelberg et al., 2003).
Motion-streak facilitation can be achieved by combining
the responses of both form and motion cells. The motion
streak can be detected by an orientated, non-direction-
selective cell, i.e. a simple form cell, that has its preferred
orientation parallel to the direction of motion. The
response of this cell can then be multiplicatively combined
with those of motion units that are sensitive to directions
along the axis of motion (Geisler, 1999).
There were two major aims of the present study. The
Wrst was to determine whether motion detection thresholds
could be improved by increasing the strength of a motion-
streak signal elicited by a stimulus. The second aim was to
determine whether any observed improvement was actually
due to motion-streak facilitation, rather than excitatory
interactions purely within the motion system, i.e. facilita-
tion due to a motion network.
The present study used a modiWed version of the global-
motion stimulus (Newsome & Pare, 1988). This stimulus
consists of signal dots, that move in the same (global-
motion) direction, and noise dots that move in random
directions. The direction that each dot moves in can be
assigned in two ways, either the dot can move in the same
direction from frame to frame, i.e. a Wxed-walk condition,
or the direction can be randomly assigned at the start of
each frame transition, so the dot moves in diVerent direc-
tions over successive frames, i.e. a random-walk condition
(Scase, Braddick, & Raymond, 1996). Given that, in the
Wxed-walk condition, the dot moves in the same direction
for a longer period of time than in the random-walk condi-
tion, it should produce a longer, and hence stronger
motion-streak (up to the integration limits of the motion-
streak system). Hence, if there is a motion-streak system
that facilitates the extraction of motion signals, then the
Wxed-walk condition should result in a stronger motion
response. However, while stronger motion responses to the
Wxed-walk condition would be consistent with motion-
streak facilitation, it could also be explained by considering
interactions purely within the motion system, i.e. without
the need to propose form–motion interactions. SpeciWcally,
a motion network that consists of feed-forward facilitory
connections between neighbouring local-motion units thatare tuned to the same, or similar directions of motion
(Snowden & Braddick, 1989).
We determined which of these two potential systems,
motion-streak or motion network facilitation, were operat-
ing by varying the stimulus parameters so as to favour the
sensitivities of one system over the other. Speed and con-
trast were varied. Motion-streak facilitation should only
occur at high speeds (Geisler, 1999), while, if motion net-
work facilitation is speed dependent, it should prefer low,
rather than high speeds. A low speed bias for motion net-
work facilitation is likely given that the feed-forward signal
needs to arrive at the neighbouring local-motion unit
before the actual dot moves into the unit’s receptive-Weld
location. Similarly, low contrast should adversely aVect
motion-streak, but not motion network facilitation. While
the length of the motion streak would be longer at lower
contrasts, due to the slower temporal impulse of the visual
system at lower contrast (Stromeyer & Martini, 2003), the
streak itself would have a low signal-strength. This low sig-
nal-strength would make it less likely that the streak would
be detected by the form-sensitive cells, due to the low con-
trast sensitivity of these cells (Albrecht & Hamilton, 1982;
Hawken & Parker, 1984). Lowering the contrast should
have no adverse eVect on any facilitation from the putative
motion network. Motion thresholds would be higher at
lower contrasts, but the degree of facilitation for the Wxed-
walk condition over the random should be (at least) the
same as that observed at high contrasts.
2. Experiment 1: facilitation as a function of speed
There were two main aims of this study. The Wrst was to
determine if increasing the length of the motion streak
associated with each signal dot would lower motion thresh-
olds, and then, if so, to determine how the magnitude of the
facilitation varied as a function of stimulus speed. Facilita-
tion at only high speeds would support the notion that the
eVect is due to a motion-streak system, while facilitation at
low speeds would support the eVect being due to a motion-
association network.
2.1. Methods and procedure
2.1.1. Observers
Three observers were used, one of the authors (ME) and
two observers (DW & JO) who were naÂ¨ve as to the pur-
pose of the experiments. All observers had normal or cor-
rected to normal visual acuity and no history of any visual
disorders.
2.1.2. Apparatus
Stimuli were displayed on a Clinton Monoray monitor
which had a refresh rate of 120 Hz and was driven by Cam-
bridge Research Systems VSG 2/5 in a host Pentium com-
puter. The Clinton uses a DP104 phosphor that has a very
fast luminance decay rate (about 400s to full decay),
which means that the moving stimuli would not have
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ers’ responses were recorded via a button box.
2.1.3. Stimuli and procedure
Three-frame global-motion stimuli were used. The
threshold measure was the number of dots that had to
move in the signal direction in order for the observer to
determine the signal direction. Two conditions were used: a
long-streak condition in which signal dots moved in a Wxed-
walk manner, i.e. they moved in the same direction over
each motion-frame transition, so that the same dots were
signal dots over the entire motion sequence; and a short-
streak condition, in which the signal dots moved in a ran-
dom-walk manner, i.e. they moved in a diVerent direction
on each frame transition, so that diVerent dots were signal
dots over the motion sequence. In both conditions, noise
dots always moved in a random-walk manner. Fig. 1 shows
a schematic representation of the two conditions. The
movement of one signal dot and two noise dots is shown. In
the long-streak condition (A) the same dot (the dot on the
left) moves in the signal direction in each frame transition
while the noise dots move in random directions on each
transition. In the short-streak condition (B), the middle dot
moves in the signal direction and the other two dots move
in noise directions on the Wrst frame transition, and in the
second frame transition, the left moves in the signal direc-
tion and the other two move in noise directions. Given that,
in the long-streak condition, only the signal dots move in a
Wxed-walk manner (random-walk noise dots), this means
Fig. 1. Schematic representation of the two stimulus conditions used in the
present study. In the long-streak condition (a), the same dot carried the
signal direction over both frame transitions while in the short-streak con-
dition (b), diVerent dots carried the signal over successive frames. In both
conditions, noise dots always moved in diVerent directions over successive
frames.that if the longer motion-streaks result in a stronger motion
response, then only the response to the signal dots would be
enhanced. The response to the noise dots would remain the
same. Therefore, since establishing global-motion thresh-
olds is a signal-to-noise processes, thresholds for the long-
streak condition should be lower then those for the short-
streak condition (Edwards, Badcock, & Nishida, 1996). If
there is no facilitation of the motion response, then thresh-
olds for the two conditions should be the same.
The stimuli were presented within a 18 deg diameter cir-
cular aperture. Depending upon the observer, either 100 or
200 dots were used, giving a dot density of either 0.39 or
0.78 dots/deg2, respectively. Speeds ranged from 3 to 24 deg/
s. The diVerent speeds were produced by varying the tem-
poral duration of each motion frame and the step size that
each dot moved with. The values used are shown in Table 1.
These combinations of dot density and step sizes resulted in
a low probability of false motion signals occurring (Wil-
liams & Sekuler, 1984). Dot densities were chosen so as to
avoid ceiling eVects, that is, to ensure that the observers’
thresholds for the short-streak condition were not so low
that any facilitation in the long-streak condition could not
be detected. Observer ME used 200 dots while 100 dots were
used for DW&JO. The dots had a positive contrast polarity
of 20% and the mean luminance of the display was 70 Cd/
m2. A single interval, two alternative forced-choice proce-
dure was used. The signal direction was either up or down.
A modiWed 3 down 1 up staircase was used (Edwards &
Badcock, 1994). The dot diameter was 0.3 deg.
2.2. Results and discussion
The results for the three observers are shown in Fig. 2.
Global-motion thresholds (number of signal dots) are plot-
ted against speed. Error bars show plus and minus one
standard error of the mean. The general pattern of results is
the same for all observers. Thresholds for the long-streak
condition are lower than the short-streak condition for
speeds of 12 deg/s or greater. Below this speed, there is no
consistent diVerence between the two conditions. To further
test the speed tuning of the long-streak facilitation eVect,
observers DW and JO were tested at 9 deg/s (temporal
duration of 50 ms and a step size of 0.45 deg). At this speed,
thresholds for the two conditions were the same. This Wnd-
ing of lower thresholds for the long-streak condition at
only high (12+ deg/s) speeds is consistent with the notion
that the facilitation is due to a motion-streaks system.
Table 1
Speeds with the corresponding temporal durations and step sizes used in
Experiment 1
Speed (deg/s) Temporal duration (ms) Step size (deg)
3 66.7 0.24
6 50 0.29
12 25 0.29
18 16.6 0.29
24 16.6 0.42
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is surprising, given that, while motion-streak facilitation
would not be expected, facilitation from a motion network
Fig. 2. Thresholds (number of signal dots) as a function of stimulus speed.
Error bars show plus and minus one standard error of the mean. The
pattern of results is the same for all observers, for speeds of 12 deg/s and
greater, thresholds for the long-streak condition are lower than those for
the short-streak condition. At lower speeds, there are no consistent
diVerences.would be. That is, a system in which there are excitatory
connections between neighbouring local-motion units that
are tuned to similar directions of motion. Such a network
has been shown to exist in the form system for the extrac-
tion of contours (Field, Hayes, & Hess, 1993). However, it is
possible that, if such a system existed within the motion sys-
tem, it may need a longer motion sequence in order to
become active, i.e. it may need a longer motion trajectory
than the three-frame sequence used in the present experi-
ment. To test for this possibility, we used a Wve-frame
motion sequence. Two naÂ¨ve observers were tested using
20% contrast stimuli moving at 3 deg/s. Again, no facilita-
tion was observed (Fig. 3).
3. Experiment 2: facilitation as a function of contrast
Experiment 1 showed that, at high speeds, the long-
streak condition resulted in lower thresholds than the
short-streak condition. That is, increasing the length, and
hence the strength of the motion streak resulted in a stron-
ger motion signal. The aim of this study was to determine
Fig. 3. Thresholds (with standard errors) for the three- and Wve-frame
motion sequences at 3 deg/s and 20% contrast. For both observers, there
was no signiWcant diVerence between the short- and long-streak condi-
tions for either of the sequence lengths.
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would have on this facilitation. A reduction in the degree of
facilitation at low contrast would support the notion that
the stronger motion signal was the result of a motion-streak
system while no such reduction would support the eVect
being due to facilitation from a motion network.
3.1. Methods and procedure
3.1.1. Observers
Three observers were used, all of whom were naÂ¨ve as to
the purpose of the experiment. All observers had normal or
corrected to normal visual acuity and no history of any
visual disorders.
3.1.2. Stimuli and procedure
A stimulus speed of 12 deg/s was chosen because strong
facilitation was observed at this speed in Experiment 1.
This condition was run at 6% contrast. All other details of
the stimuli and procedure were the same as those used in
Experiment 1.
3.2. Results and discussion
The results for the three observers are shown in Fig. 4.
For the two contrast levels, the amount of facilitation (%
facilitation) for the long-streak condition is shown. This
facilitation was calculated by taking the diVerence in the
thresholds between the short- and long-streak conditions
and dividing it by the threshold for the short-streak condi-
tion. As can be seen, lowering the contrast from 20% to 6%
greatly reduced the amount of facilitation. For two of the
observers (JO and MC) facilitation dropped from between
20% and 30% to between 3% and 5%, while for the other
observer (DW) it dropped from 32.4% to 13.6%. This Wnd-
ing of a reduction in facilitation for the long-streak condi-
Fig. 4. The amount of facilitation (% facilitation) for the long-streak con-
dition, compared to the short-streak condition, with a stimulus speed of
2 deg/s and contrast levels of 20% and 6%. The amount of facilitation was
much lower at 6% contrast than at 20% contrast.tion as contrast is reduced is consistent with the notion that
the facilitation is due to a motion-streak system.
4. General discussion
The present study shows that increasing the number of
successive frames that a signal dot moves in the same direc-
tion from one to two, results in lower motion thresholds.
However, this facilitation occurs only at high speeds
(12 deg/s or greater) and is lost, or at least greatly reduced,
at low (6%) contrast. These results provide further support
to the notion that motion-streak information can facilitate
the processing of motion signals. While previous experi-
ments have shown that motion-streak information can
aVect the perceived direction and speed of moving stimuli
(Burr & Ross, 2002; Francis & Kim, 2001; Kim & Francis,
1998; Krekelberg et al., 2003; Ross, 2004; Werkhoven et al.,
1990), the present results directly show that motion streaks
can also improve motion thresholds.
There are at least two possible explanations for the
lower thresholds for the long-streak condition compared to
the short-streak condition: motion-streak or motion net-
work facilitation. In order to determine if either or both of
these forms of facilitation were occurring, we manipulated
the stimulus so as to include conditions that would greatly
weaken, if not totally abolish, any response from the
motion-streak system. SpeciWcally, we reduced the speed
and contrast of the stimuli, both of which would reduce the
strength of any motion streak within the visual system
(Geisler, 1999). Consistent with the observed facilitation
being due to the activity of a motion-streak system, the
amount of facilitation was at least reduced, if not totally
lost as a result of these manipulations (Figs. 2 and 4). Note,
it is theoretically possible that the facilitation is due to the
operation of a motion network system that only operates at
low speed and high contrast, but these tuning characteris-
tics are more consistent with a motion-streak system.
The lack of any facilitation at low speeds, even with
longer (5 frame) motion sequences, was surprising since it
inconsistent with the existence of a motion network (excit-
atory connections between motion cells at the local-motion
level). Results from a number of previous studies support
the existence of such a motion network (Lorenceau & Zago,
1999; Matthews & Allen, 2005; Sillito, Cudeiro, & Jones,
2006; Snowden & Braddick, 1989; Watamaniuk & McKee,
1995; Watamaniuk, McKee, & Grzywacz, 1995). The lack
of facilitation at low speeds observed in the present may, at
least in part, be due to the longer stimulus duration used for
those speeds (Burr, 1981). However, it is worthwhile noting,
though, that in most cases, a motion-streak and motion net-
work system would essentially provide the same informa-
tion (except at low speeds and contrast).
The critical speed of 12 deg/s obtained in the present
study, below which no motion-streak facilitation was
observed, is higher than that reported in both the psycho-
physical and electrophysiological studies by Geisler and his
colleagues (Geisler, 1999; Geisler et al., 2001). In the
M. Edwards, M.F. Crane / Vision Research 47 (2007) 828–833 833psychophysical study, Geisler found the critical speed to be
one feature width per 100 ms, which for the dot diameter of
0.3 deg used in the present study, would correspond to a
speed of 3 deg/s. Similarly, in their electrophysiological
study, they found a critical speed of 12 dot width/s, which
equates to 3.6 deg/s for a 0.3 deg dot.
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